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1, Dr Graeme Houston hereby declare as follows: 



1. lama co-inventor of US patent application serial no. 1 0/562471 . My curriculum vitas 
is annexed io this declaration. 

2. I have been responsible for a series of experiments to compare the effect of different 
profile shapes of a spiral in flo ' stents. 

3. Several experiments were Carried 0( i order 3 ptinrsum p 

{ , tii 'n xl \ P *i he- \ t i t 

profile snap sted. sf symn U, T & L. profile shape or < 

investigations, if was concluded that the asymmetric (PS) shape is an advantageous profile 
f i pared with the i s 

4. A parametric study was carried out using STAR-CD software to compare the 
computational fluid dynamics modelling of spiral flow Induction (swirl number) and pressure 
drop through various stents as described in .Annex A, This study was performed using stents 
but It is expected that equivalent results would be obtained using alternative vascular 

I , 0 0 ft ! i i ' ' i " " 1 O J Si- I 

lowest sna rc ' t on over the downstream length of the stent out of all ti r 
tested, which is Indicative of an even, smooth spiral flow pattern on the axial plane. The P3 
ed i ' I the length of the conduit which Is 

- . - J - i iu -I -> , f^ ui Out I > 

results obtained for swirl number, standard deviation and pressure drop show that the 
asymmetric P3 shape is the optimal shape for the ridge profile. 

5. The following graphs are a summary of the results; further results are shown In 
Appendix 1 . 

Figure 33; 6 mm Stent Comparison of Ridge Shapes: Swirl Number 



8 mm x 30 mm Stent Comparison o1 FSirfge Shapes 




f ower (opt si) sta tdare de>, at > i is soon tot the P3 (as> >mpared to the 

T, U&Lshapes. 
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Figure 38: 



8 mm Stent F3 and U Shaped PrafHes 

8 Stent f : 3 ii-d U Shaped Pk>?I!* f ! fft5suf» Crop as a Function oi Hc-isx Ar.gi-:- 




Figure 40: 6 mm Stent Various Ridge Shapes 



PloJ of Pressure Drop on a S rwt Stent Rid i ! 
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These graphs show that the P3, L and T shaped ridges resulted in a better pressure drop 
than a U-shape ridge. 

The overall results obtained for swirl number, standard deviation and pressure drop indicate 
that the asymmetric shape of P3 is optimai tor the ridge, in comparison to the other shapes 
tested. 



2 



6, As shown in Annex B, a study was carried out to visually compare the effect of 
various ridge shapes, namely, P3 (asymmetric), U. T and L shapes, on flow profiles though a 
stent. The results are shown in Appendix 2, Figs 1-16, 

7. The swirl number and standard deviation were aiso calculated on a plane 

as explained in * \ higher swiri number i t 
ati ? swi s within me conduit. A ic 1 
fluid has a smoother and more coherent swirl pattern. The results are shown in Table 1: 

Table !.: Swirl Number and Standard Deviation at 50mm downstream 



ridge 
shape, 
helix 
angle 
swiri no 


U30 


U25 


U 20 


U15 
0.027583" 


U 10 
'o'oi"8569 


T20 


P3 20 


L20 
0.0372 j 


0.060262 


0.047945 


0.0373 


0.042186 


0.02707 


stand dev 


0.001 578 


) C0 , 


"0 001217 


0.001016 


0,000792 


0.001269 


0 000953 


0.00122 i 



8. The results in tabie 1 show that the P3 asymmetric profile had a low standard 
deviation compared with the other shapes tested. This advantageously produces a uniform, 
smooth fluid swirl pattern and Junes turbnien 3 withi the • duit The P3 20 profile 
feed a slightly less swiri than the U, T & L 20 ndoo si on but it g» sa io>e consist it 
and even swiri pattern due to the lower standard deviation. Therefore, overall it is a more 
suitable shape for the ridge profile. 

9; The following diagrams summarise the results; additional results, are shown in 
Appendix 2: 

Figure 1 
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Figure S 




10. The results indicate that the P3 ridge profile causes less marked high velocity 
("shedding") on its front or backface compared with the other shapes. Shedding is 
undesirable in fluid flow through a conduit. 

11, in summary, the results demonstrate that an internal formation tor a conduit 
comprising a longitudinally extending member having an asymmetric profile leads to a 
sufficient swirl number with low standard deviation and a low pressure drop. These results 
Indicate that the asymmetric profile provides good fluid rotation and a smooth, uniform fluid 
swirl pattern, whilst the fluid pressure is maintained throughout ths length of ths conduit. 
Therefore, there is decreased turbulence within the conduit which is desirable for spiral fluid 
flow through a conduit, especially for blood flow through a stent inserted in a blood vessei, a 
graft or a stent graft. There was no reason why these results would have been expected prior 
to carrying oui this study. 
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Annex A 



A numoe' of s 3 ■ s m ^ \ v > ' c i -mgies rumb^ of edges and 

so* a 5 sndbcv S } , c f < f * m ,a-i e a i e to^lne 

P '( t m t t. ^ i ion of tno 

swill number. 

Three studies were carried out: 

(1) parametric P3 (asymmetric) profile 
( para rs< jular profile 
(3) various ridge profiles 

Method 

Swirl number has been generally defined as (tangev , t ity) Static 

pressure drop was measun ia stent oniy, no 3 

Tour stem diamete - wen c osen 3 £ mm i mm, 6 mm an i 8 mm The 

are j : » v gores 1 - 8 in Appendix 1. MS. These Figures are for Illustration purposes 

only, 

Parametric P3 Profile - 8 mm stent 

e >a a e . e id ' a o c t -i ' f *m < - P ' mi * • r 

helical angle and graft 'ength on i ^> ' h s~ i * i 0 > n 15 

mm, 20 mm, 25 mm ant 30 mm ann e 1 Is 2 mm high 

ridge a? the following helical angles; 10°, 15°, 20°, 25°, 30°, 35°, 40° and 45°. 

Parametric Triangular Prof He ■ 3,5 mm and 4 mm stent 

A study was carried out to investigate theeffect of a three start triangular ridge of height 1 mm 
and 0.5 mm at heflcai angles of 10 , 20°, 30°, 40° and 50°. An initial study was carried out 
on a 4 - m die — • 5 mm »onp, the ridge was not offset (Figure 2). Further 
snvestlgatioi hat tl t nm jn diameter at 1 ' I 

e iurther study used fset trianguia f tai i < i e 3 . 

Various Ftidqe Profiles • 6 mm stent 

Figures 4 - 6 show further ridge shapes that were tried out namely the 'L\ T and 'U' shapes 
respectively, and later the modified V shape with odd leg lengths and even leg lengths 
" 7 and 5) A parametri st idy was carried ot t on these profiles using a G mm 
diameter stent. Later the *U* shaped profile was applied to an 8 mm stent. 

Fluid Properties and Boundary Conditions 

Each modei comprised less than 180,000 computational hexahedral ceils. No attempt has 
dM > nc i i ( - m\ to he laminar, 

S > i me de ssih. ol ul : ere taks 

m | c n e i^t boundary condi ions have been 

shown in Tabie 1 below: 



diameter 


velocity 


,o, j ie f ow rate 


(mm) 


(m/s) 


(mi/s) 




0.316 


3 


4 


0,316 


4 j 


6 


0.896 


20 


8 


r h v 


35 



fa ie 1 inlet f >mss iar'v Conditions 

The outlet boundary pressure was set to zero in each case and hence the upstream pressure 
was allowed to float. 

Results and Discussion 
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Each numerical run was completed in under 30 minutes CPU time, the errors failing by three 
c dem o i t ^ i uncnanged at tie men tonmi uc.J 0" Tt e 

standard deviation and swirl number were calculated on planes at 10 mm intervals from the 
end of the graft. 

The results h wo ways - 

(1) For each helical angle and graf urn feviatioi 

beer; pn 1 f < gam stent end. Thus it was easy to 

compare distances from the end of the stent where the swirl number and/or standard 
deviation were the same. 

{2} Pressure drop results have been compared on a stent diameter basis. 



Swirl Number end Standard Deviation 

Parametric P3 Profile - 8 mm stent 

, 1 swirl n ber and standard deviation for the P3 profile tor an 8 mm. stent (Figure 
9 Figuf 24). For eac heiica 3 :le inc as s the lengt ot the st * ; e sv* rsumbe 
increased as the f ov 1 1 " - <' > -> -wov 1 1 ° ^ to j n , y , - t -< < \m 

n « t-i * <=- •> a-, me fiow moved downstream. For the to 1 !5 U and 

20° (Figure 9 - Figure 1 1 ; heiica! angle stents there appears to be an increase in swirl number 
- he ft <v nea \m nd of the compute $i doma Tl x i tig >r i < 1 n 
practice, and can be explained by either it being an end of domain effect as the spiral flow will 
bs quite wean , this point or a numerical convergence problem en that grid, it was likely to be 
the former as the effect tends to become iess as the swirl number increased at this point. 

Parametric Triangular Profile - 3.5 mm and 4 mm stent 

For both profiles tested (Figure 2 and Figure 3) in 4 mm and 3.5 mm stents, for helical angles 
up to "0° tot b ? ic r number and standard 

! umber deceases as he'cai angto < ere also 

appears to be a limiting value of tangential velocity which occurs at about 40° to 45°. Figure 
31 show- h if i i i t - 1 en to » f ~C 

explained by the flow tripping over the ridge rather than following it, or the tangential velocity 
t i f bloat i cases very lit e sp» a I . 

site ' n downstre e stem exit 3i n th< P3 Dt lf e is >- € at prod*, 

spi a! f * fur 3wusf ten i " ' < . > . > "to I g n , gure 13, 

fUfC 1 1 d Jl- if 1 f I ! f 

shown previously by the how patterns between 8 mm and 4 mm P3 grafts. Hood ef a7 (2002) 

Var/ous Profiles 6 mm stent 

i u ~i Figure 6 ; Figure 7 i she* < - th; i r 

used in this parametnc study A P3 profile has been used as comparison, For the 6 mm stent 
> - ot d -V i> a' i g e of : 0 » " en 1 1, u to lor 

shaped s n on has ? at 1 0 k 25 i 30'""' (Figure 35 

and Fsqi re 30/ Note that the a jwirl number plots are di fern it f om t e previ jus 

i, i v > r f ) - h si ! retires 

Figure 33 shows that the highest swirl number over the whole downstream length Is produced 
by the T shaped profile. The P3 profile produces me e~ t i , 

produt eo wiP numbe deca i s odified 'U' sh he f 

engths "rich < < a it swit m nbe a A C m downstrea ee > 1 very rapidly 

I 11 c f n j.c I nVn < I ; ~ cl ; ( - r ^.-.r i ! 

? t eater tl D mm downstre f i t > ( 

a niO c * I iper'\ as "^e tie ' n i - I c > roor swirl profile on 

the axial plane as thf flow nm towns " itly the lowest 

standard deviation of all me profiles rested indicating an even spiral fiow pattern on the axial 
pia o. the P3 p I I than the 'IT profile, but P3 give a more consistent 

profile. 
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Figure 35 shows that for a V shaped ridge profile increasing the helical angle increases the 
swi i nimbbr ana i Ce» be se i 3 of chance of 

swirl increases with increasing angle, which was perhaps not apparent with the previous 
cases (P3, triangular) wrote elica extend E >o ! " Fnure 36 

shows that increasing helix angle increases standard deviation. For angles up to 20° the 
a or uouces as expected but or «naes j a iter th u 20 tne standard 
ttond yedvt ;u mo rapidly his cannot be explained at this time 

Figure 37 shows that when a V shaped ridge was used in an 8 mm stent, increasing the 
ridge angle n ^ ; >u ^ t > < ■> - mm 33 '^45 

T? r n--, m f. r t i t t ' < ^0 ' 

This may contradict what has been reported in the previous paragraph. Tne standard 
deviation' decreased as the flow travelled downstream as expected i.e spiral flow was 
dissipated (Figure 36) 

Pressure Drop 

Figure 39 shows static pressure drop as a function of helix angle for an 8 mm stent, for both 
P3 and V shaped ridges. 

The P3 and V profile can he curve fit by a third order polynomial of the form: 
dp = a(ha) 3 + b(ha} 2 + c(ha) +d 

where: dp is the pressure drop in Pascal and ha is the helix angle in degrees. The residual 
value is given in column 6. 

The coefficients of a, b, c and d are given in the 



' m m 
Premie 


a 


h 


c 


d 




10 P3 


0.0026 


-0.1295 


2.166 


25.656 


0.S987 


15 P3 


0.0045 


-0.2187 


3.228 


30.866 


0.9990 


20 P3 


0.0058 


-0.2644 




48.036 


0.9992 


25 P3 


0.0072 


-0.3176 


4.4411 


56.235 


0.9990 


30 P3 


0 i I 


-0.3898 


5.8388 


60.253 


0.9989 


30 U 


0.0000 


C.2401 


-7.8758 


178.59 


1.0000 



For a 8 mm stent Figure 40 showed the pressure drop for the various ridge profiles. At a 
helical angle of 20° the highest pressure drop was exhibited by the revised V shaped profile 
with even leg lengths. The best pressure drop was given by the T shape. 

Similarly to Figure 39 : Figure 41 shows static pressure drop as a function of helix angle for a 
4 mm and 3.5 mm stent, for both offset and symmetrical triangular shaped ridges. 

Th© triangular profile can be curve fit by a third order polynomial of the form: 

dp = a(ha) 3 + b(ha) 2 + c(ha) +d 

where: dp is the pressure drop in Pascal and ha is the helix angle in degrees. The residua: 
value is given in column 6, 



The coefficients of a, fa, c and d are given in the 



, v (mm), height 
(mm). Profile 


a 


b 




d 




4, 1.0, symm 


0.0039 


-0,1323 


2.4255 


86.221 


0.9999 


4. 0,5, symm 


0.0007 


•0.0146 


0.4082 


46.735 


0.9999 


3.5, 1 .0. off 


0.0060 


-0,2113 


4.023 


129.45 


0.9999 1 


3.5, 0.5. off 


0,0008 


-0,0051 


0.4914 


65.28 


1.0000 
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Comparison oJ Figure 39 and Figure 41 shows that for a 15 mm long stent the pressure drop 
over a triangular ridge was significantly higher when the ridge heights were the same. 

Conclusion 

The parametric study carried out using STAR-CD to investigate the effect of flow through 
various ste it is showed: 

8 mm P3 profit© stent: For each helical angle, increasing the length of the stent increases 
the swirl number as the flow travelled downstream. The standard deviation is also Increased 
h incr - j heiica ji u reased z ie fk» ives downstream. 

4 mm and 3.5 mm stents with symmetrical and offset triangular ridge profiles: Heiica! 

up to 4( c. > i !r ^ n >on* easing hefia t swirl ni mber and 

standard c 1 e increa n swifl n I - decs t iicai angle increas hen 

S Sti v H o a - a about 40° to 45° s 
which aye v ' >ing over the t dee 

6 mm stent, with various ridge profiles: At a ne !ca angL ot 20 i 

th was produced bv ' v>- 1 c 

vvest swtr number and 

] - ot'eamiength In tno case of tie U shaped ridge for heiica! 

angles greater than 20° the standard deviation of the swirl number decays very rapidly, which 
appeared to be out of step with other cases. 

With a V shaped ridge on an 8 mm stent the increase in swirl number was disproportionately 
large: when the helical angle was increased from 30° to 45° than from 20° to 30". This was 
contrary to what was expected c.f. P3 profile. 

On an 8 mm stent with a P3 and V profile the pressure drop was found to be a function of 
helix angle and was an excellent curve fit by a third order polynomial. This relationship also 
applied on the 4 mm and 3.5 mm stents with the triangular profile. 
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Appendsx 1 





Figure 3 
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Figure 9: P3 Profile Ridge 8 mm diameter 



10 Oagrse Hstix Aflgte Plot of Slan<)8«l Deviation ior Various Graf! Lengths 
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Figure 10: P3 Profile RSdge 8 mm diameter 
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15 Oegrae Hc-;;:< Angfe Plot of Swirl Nutni)«» lor Various Graft lengihs 




1 5 D«gte* H»«x Angle Rot of Standard Devisstfts for various Graf! Lengths 
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Figure 12: P3 Profile Ridge 8 mm diameter 
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20 Dogreo H«!ix Angle Plot of SwirS Number Fos Various Gtaii Lengths 
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Figure 13; P3 Profile Ridge 8 mm diameter 



2Q £Jss'«e of SfanriSfd Oevisticr: far Various Graft Lengths 
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Figure 14: P3 Profile Ridge 8 mm diameter 
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Figure 15: P3 Profile Ridge 8 mm diameter 



25 Bsgrss Helix Anfiie Pio! of Standard Deviation for Various Greli Lengths 
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Figure 16: PS Profile Ridge 8 mm diameter 
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30 Dcy.-oe Keiix Ang!e Ptol of Swiri Nurobsr for Various Sr«U Lengths 
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Figure 17: P3 Profile Ridge 8 mm diameter 



30 Oegree Helix Angis Ptol of Stsndatc Daviatton (of Various i.sng!hs 
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Figure 18: P3 Profile Ridge 8 mm diameter 



35 &sgfs>s Helix Ant)!* Pioi of Swtti Number for Various Graf l Lengths 
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Figure 19; P3 Profife Ridge 8 mm diameter 



35 Gegrss Hefix Anfll« SWot of Standard Deviation for Various Gt*« U»gths 




Figure 20: P3 Profile Ridge 8 mm diameter 
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Figure 21 : P3 Profile Ridge 8 mm diameter 
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Figure 22: F3 Profile Ridge 8 mm diameter 
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45 Degree Hsiix Angle Plot of Swirl Number for Various Graft Lengths 




Figure 23: P3 Profiie Ridge 8 mm diameter 




4 mm x ts <! n 1 1 Nt i"bsr (1 mm} 
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Figure 25: Triangular Ridge Profile (no offsef) 



4 mm x t5 ram Sieni Piot of Standard Deviation (1 rem) 
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Figure 26: Triangular Ridge Profile (no offset) 
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4mmx 'Sr,rs Ni "be (0.5 mm) 
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Figure 27: Triangular Ridge Profile (no offset) 



4 mm x 15 mm Stent PioX of Standard D«»fia«o» (9.5 WW) 




Figure 28; Triangular Ridge Profile {no offset) 
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3,5 mm x 16 mm Stan! Plot of 8w»l Hiim&er {1 mm) 




Figure 29: Triangular Ridge Profile (offset) 



3.5 row x 16 jsiw Stent Piet ot Standard Deviation (1 mm) 




standard ttevistlon (•) 

Figure 30: Triangular Ridge Profile (offset) 
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3 5 mm x 4S mm Stent Plot oi Wirirt Nwobw (0.5 mm) 




Figure 31; Triangular Ridge Profile (offset) 



3.5 roroxt$ «tm Stent PtoJ of Standard Oevmsism {0.5 mm) 




Figure 32: Triangular Ridge Prafiie (offset) 
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S mm x 30 ffi in Stent Comparison of QtHweni Ridgs Shapes 




Figure 33: 8 mm Stent Comparison of Rsdge Shapes; Swirl Number 



6 tnm x 30 mm Stent Compar&on of ftl<!ge Sbap&s 
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Figure 34: 6 mm Stent Comparison of Ridge Shapes; Standard Deviation 
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S mm \ -*0 mm St »n s U Shaosd Profile 




Figure 35: 6 mm Stent Comparison of Helix Angle; Swirl Number 



S aim x 30 rem Stent Ccmpsrison of Helical Angles U Shaped Praffc 




Figure 38: Comparison of Helix Angle; Standard Deviation 
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S mm S«etvi P3 and U Shaped Profile Pressure Oroa as a Fuiwtion of Htiix Angfc 



Fsgure 39: 8 mm Stent P3 and U Shaped Profiles 



Plot of Pressure Drop cn a S mm Slenl for Vsfioiis Sdgs Shs(S4ii and HeHx Angles 



Figure 40: 6 mm Sign! Various Ridge Shapes 
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P Jot ot Pressure Qfop 3S a Function of Heiix angle for 3.S mm af'3 <! mm StetflS 




30 40 SO «> 



Figure 41; 3.5 mm and 4 mm Stent Triangular Ridge Shape 
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Annex B 



h s > stud has been ca ied cut 3w profiles 01 jh 6 rm ii met 

30 mm Song stent for various ridge shapes, The resutts are shown in Appendix 3, Figs MS, 



I'he swirl number and j i a plane perpen eular to the 

fiow direction, 50 mm from the end of the stent 15 - tits are gl\ n beiov. t Table 1. 



ridge 
shape, 
helix 
angie 


il 30 


D'25 


U20 


y is: 


U10 


T2G 


P3 20 


L20 


swirl no 


0,060282 


0.047945 


0.0373 


0.027568 


0.018569 


0.042186 


0,0270? 


0,0372 


stand dev- 


0,001578 


0.0014 


0.001217 


0.001016 


0,000792 


0.001289 


0.000953 
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Tabie 1 ; Swirl Number and Standard Deviation at 50 mm Downstream 



Qualitative assessment of transverse velocity profiles: 

« The P3 shows less marked high velocities on front face or backfac© of profile 
compared to U or T. 

« The U shows increased high velocities ("shedding") at the front fin on increasing 
angle. 

« The T shows more marked "shedding" than the U profile. 
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Figure 43 
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